INTRODUCTION
============

Homologous recombination (HR) is an evolutionarily conserved pathway that serves multiple roles in DNA repair including the repair of replication forks and DNA double strand breaks (DSBs). HR repairs damaged DNA by identifying a stretch of homologous sequence on an undamaged sister chromatid and using that chromatid as a template to guide the repair process in an error-free manner. This distinguishes HR from non-homologous end joining (NHEJ), which is an error-prone pathway of DSB repair. HR also facilitates cellular recovery from replication-blocking lesions or collapsed replication forks, such that cells with impaired HR exhibit profound sensitivities to several classes of chemotherapeutics including inter-strand DNA cross-linkers ([@gks353-B1; @gks353-B2; @gks353-B3]).

The early steps of HR involve 5′ to 3′ nuclease activity that generates a 3′ single-stranded DNA (ssDNA) tail at the site of damaged DNA. This tail becomes coated with replication protein A (RPA), which is subsequently replaced by a helical filament of RAD51 protein. This displacement of RPA by RAD51 appears to be facilitated by several mediator proteins, which include BRCA2, RAD52, RAD51 paralog complexes and other proteins (reviewed in Ref. 4). HR efficiency is reduced in cells harboring defects in mediator proteins, and overexpression of RAD51 protein can partially bypass these deficient mediator functions ([@gks353-B3],[@gks353-B5]). Even in some situations where the mediator activity is thought to be intact, a growing body of evidence suggests that RAD51 overexpression may up-regulate HR function and promote cellular resistance to DNA-damaging agents ([@gks353-B6; @gks353-B7; @gks353-B8; @gks353-B9]).

RAD51 protein is highly expressed in many human cancers including breast, bladder, prostate, pancreas, soft tissue sarcoma, upper aerodigestive and lung (reviewed in Ref. 10). This high expression is largely driven at the transcriptional level, given that the RAD51 promoter is activated, an average of 840-fold in cancer cells relative to normal cells ([@gks353-B11]). Furthermore, emerging clinical studies have observed higher than expected levels of aggressive pathologic features ([@gks353-B12],[@gks353-B13]) and unfavorable outcomes ([@gks353-B14; @gks353-B15; @gks353-B16]) in patients whose tumors strongly express RAD51. These observations suggest that human tumors may develop 'addictions' to abnormally high RAD51 levels and that RAD51 represents a potential therapeutic target in oncology drug development. This potential strategy is particularly appealing in light of reports showing that HR inhibition may promote preferential sensitization of tumor cells relative to normal cells ([@gks353-B17],[@gks353-B18]).

We performed a high-throughput screen of a naïve library of 10 000 small molecules in search of compounds that modify the binding of RAD51 protein to ssDNA ([@gks353-B19]). We now present a RAD51-inhibitory compound called RI-1 that inactivates RAD51 by directly binding to a protein surface that serves as an interface between protein subunits in RAD51 filaments. Cell-based experiments demonstrate that RI-1 specifically inhibits HR efficiency and sensitizes human cancer cells to mitomycin C (MMC).

MATERIALS AND METHODS
=====================

Plasmids, proteins and cells
----------------------------

HsRAD51 and ScRAD51 were prepared as previously described ([@gks353-B19],[@gks353-B20]). *Escherichia coli* RecA was purchased from New England Biolabs. Prior to use in experiments, the ScRAD51 and EcRecA proteins were precipitated in 2.3 M ammonium sulfate and resuspended in a DTT-free storage buffer. The SH2038 (+/− RAD51C) cells were provided by Helmut Hanenberg, who previously described the construction of these cells in detail ([@gks353-B21]). U2OS cells stably transfected with the DR-GFP reporter construct were provided by Maria Jasin, as were the I-SceI expressing pCβASce plasmid and empty vector control pCAG ([@gks353-B22]). All other cell lines were obtained from ATCC. Standard tissue culture media were supplemented with 0.2--0.5% dimethyl sulfoxide (DMSO) during treatment with RI-1 to minimize any potential concerns about compound solubility.

High-throughput screen and chemicals
------------------------------------

Pharmacy-grade MMC was used (Ben Venue Laboratories). Methods and details of the chemical library and primary screen were previously described ([@gks353-B19]). For the initial screening experiments, RI-1 was purchased from ChemBridge Corporation (San Diego, CA). For all subsequent experiments, RI-1 was synthesized in our laboratories, based on methods detailed in the [Supplementary Methods](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1). RI-1 was dissolved in 100% DMSO immediately before use, and the concentration was confirmed by UV-VIS spectrometry using a molar extinction coefficient of 5128 cm^−1^ at 400 nm.

Quantification of HR and SSA efficiencies in cells
--------------------------------------------------

U2OS cells stably transfected with the DR-GFP reporter construct were previously described ([@gks353-B22]). The HEK293 cells stably transfected with SA-GFP reporter were also previously described ([@gks353-B23]). In total, 0.5--1.0 × 10^7^ cells grown to 80% confluence were electroporated with 30--60 µg pCβASce (or pCAG) in 4-mm cuvettes, using the following settings: 240--350 V, 975 µF. Cells were transferred into the appropriate complete growth medium and allowed to grow for 24 h in the presence or absence of a candidate compound. Compounds were removed and cells were incubated for an additional 24 h in normal media, following which they were analyzed with a Becton--Dickinson FACScan. Live cells were collected based on size/complexity and 7-aminoactinomycyin D (7-AAD) exclusion. The fraction of cells exhibiting GFP positivity is displayed, and error bars denote standard error.

DNA binding assays
------------------

All reactions were performed in black non-binding polystyrene 384-well plates with reaction volumes of 30--100 μl. Purified DNA strand exchange proteins and chemical compounds were pre-incubated at room temperature for 5 min; they were then further incubated at 37°C for 30 min with 100 nM of ssDNA substrate, consisting of a 45-mer poly-dT tagged with Alexa 488 at the 5′ terminus (synthesized and purified by Integrated DNA Technologies). Reactions were performed in 20 mM HEPES pH 7.5, 10 mM MgCl~2~, 0.25 μM BSA, 2% glycerol, 30 mM NaCl, 4% DMSO and 2 mM ATP. Some conditions included DTT or TCEP (tris(2-carboxyethyl)phosphine) as indicated. DNA binding was measured as a function of fluorescence polarization (FP) with a Safire^2^ plate reader (Tecan), using the following settings: excitation 470 ± 5 nm, emission 530 ± 5 nm, 10 reads/well, Z height and G factor auto-calibrated from control wells. Displayed error bars represent standard deviation. For experiments involving a titration of protein concentrations, data are fit to an equation that accounts for the cooperative nature by which recombinase proteins bind DNA ([@gks353-B24]). For experiments involving a titration of RI-1, protein concentrations were selected to give an ∼80% saturation of the FP signal in the absence of RI-1.

D-loop assays
-------------

Strand assimilation methods were as previously described ([@gks353-B19]) with some modifications. Briefly, 10 μl reaction volumes that included 0.4 μM HsRAD51 were pre-incubated for 5 min at 37°C with 3.6 μM (nucleotide concentration) 32P-labeled oligonucleotide 306.90 in a reaction buffer containing 25 mM Tris--HCl (pH 7.5), 1 mM TCEP, 3 mM ATP, 5 mM MgCl~2~ and various concentrations of RI-1. Following this initial binding reaction, 1 μl of 220 μM (base pair concentration) supercoiled homolog-containing target plasmid DNA (pRS306) was added. DNA substrates were allowed form a homology-dependent association (or 'D-loop'), and reactions were stopped with SDS and proteinase K. The resulting DNA was separated on 0.9% agarose gels, transferred onto positively charged nylon membranes and analyzed by phosphorimaging.

Mass spectrometry methods
-------------------------

Biotinylated HsRAD51 protein was expressed in *E. coli* as previously described ([@gks353-B19]). The resulting protein contains an N-terminal AviTag^TM^, which is linked to HsRAD51 by a peptide sequence recognized by the Tobacco Etch Virus (TEV) protease. The protein was purified from bacterial lysate by incubating with streptavidin-conjugated polyacrylamide beads (Ultralink, Pierce). The protein-bound beads were washed, incubated with RI-1 for 30 min at 37°C, and washed again. Protein was then eluted by incubating with TEV protease (gift from Phoebe Rice) for 2 h at 15°C. Resulting proteins were separated on a non-reducing SDS--PAGE, and cut from the coomassie-stained gel. Mass spectrometry was performed at the W.M. Keck Biotechnology Resource Laboratory (Yale University) using a Thermo Scientific LTQ-Orbitrap XL mass spectrometer and at the University of Illinois at Chicago using a Thermo Scientific Orbitrap Velos unit. Proteomics data was analyzed using Scaffold 3.1.4.1 available from Proteome Software (Portland, OR).

RAD51 focus cytology methods
----------------------------

In some experiments, the cells were treated with 5-ethynyl-2′-deoxyuridine (EdU) during the last 3 h prior to harvest, in order to mark S-phase cells. Cells were harvested and spotted onto poly-L-lysine coated slides. Cells were subsequently fixed with 3% paraformaldahyde/3.4% sucrose, and permeabilized with a standard buffer (20 mM HEPES pH 7.4, 0.5% Triton X-100, 50 mM NaCl, 3 mM MgCl~2~, 300 mM sucrose). Slides containing EdU-treated cells were processed with Click-iT® EdU Alexa Fluor® 647 Imaging Kit (Invitrogen) as per the manufacture's protocol. Slides were subsequently stained with a rabbit polyclonal HsRAD51 antibody (1:1000 dilution) and/or a mouse monoclonal RPA antibody (1:1000 dilution), followed by Alexa 488-conjugated goat anti-rabbit and Alexa 594-conjugated goat anti-mouse secondary antibodies (Invitrogen, both 1:1000 dilution). Slides were viewed using a Zeiss Axio Imager.M1 microscope that allows high-resolution detection of foci throughout the entire nuclear volume. Images were recorded as a Z-axis series of 15 focal planes (over a 10--12 µm thickness) using a CCD camera. The 15 images were subsequently combined to form a single image using AxioVision V4.8 and NIH Image software packages. For each experimental condition, 50 randomly selected nuclei were quantified using NIH Image software.

Cell survival assays
--------------------

Cytotoxicity was determined by loss of colony-forming ability. Experiments were performed in triplicate. Crystal violet stained colonies were imaged with a CCD camera and counted using NIH Image software. Error bars denote standard error.

Western blotting
----------------

Whole cell protein extracts were separated via SDS--PAGE and subjected to western blotting. Primary antibodies included protein A purified rabbit anti HsRAD51 (1:1000 dilution, gift of Akira Shinohara) and mouse anti α tubulin (1:5000 dilution, Ab-2 from Fitzgerald). Secondary antibodies consisted of HRP-conjugated anti-rabbit IgG (1:1000 dilution, GE healthcare) and HRP-conjugated anti-mouse IgG (1:2000 dilution, GE healthcare).

RESULTS
=======

Identification of a compound that inactivates RAD51 *in vitro* and inhibits HR in cells
---------------------------------------------------------------------------------------

To identify small molecules that modify the DNA binding properties of HsRAD51, we used a fluorescence polarization (FP) based method that involves incubation of HsRAD51 protein with oligonucleotides that are end-labeled with a fluorescent tag. The binding of HsRAD51 to this substrate ssDNA generates an increase in the polarization of light emitted by the fluorescent tag. A naïve 10 000 compound library (Chembridge DIVERSet^TM^) was screened, and the details were previously described ([@gks353-B19]). This primary screen identified 76 small molecules that reduced FP signal by ≥50%.

These 76 'hit' compounds were subjected to secondary screening that evaluates their ability to inhibit HR efficiency in cells. This assay makes use of human cells containing a stably-transfected reporter construct that carries two non-functional copies of green fluorescence protein (GFP), one of which is interrupted by an I-SceI endonuclease site. Induction of a DSB at the I-SceI site can lead to repair by homologous gene conversion that generates a functional copy of GFP ([@gks353-B22]). Cells were transfected with an I-SceI expressing plasmid and exposed to candidate compounds for 24 h thereafter. Fluorescence assisted cell sorting (FACS) analysis revealed eight compounds that were capable of inhibiting GFP gene conversion frequency by \>50%, at compound concentrations that still allowed cell viability of ≥90%.

A tertiary screen was employed to determine which of these eight compounds were disrupting HR by specifically inhibiting RAD51. This was performed using cells containing a reporter construct that measures the efficiency of single-strand annealing (SSA). SSA is a pathway that repairs DSBs occurring between a pair of tandem-repeated sequences ([Figure 1](#gks353-F1){ref-type="fig"}A), such that single strand degradation from the site of the DSB creates a pair of ssDNA tracts with extensive complementary sequence ([@gks353-B25]). The two ssDNA tails then anneal to heal the DSB, and the DNA originally located between the repeats is thereby deleted. SSA does not involve the NHEJ pathway, nor does it require most HR-related proteins ([@gks353-B26]). Interestingly, SSA efficiency is known to be elevated in situations where RAD51 function has been disrupted by a variety of means, including RNAi knockdown, expression of a dominant negative RAD51 mutant, or expression of the BRCA2-derived BRC3 peptide ([@gks353-B23],[@gks353-B27],[@gks353-B28]). We exploited this effect to better characterize the eight HR-inhibitory compounds. Seven of the eight compounds exerted no significant impact on SSA or generated an inhibitory effect. However, one compound (hereafter termed RI-1 for RAD51 inhibitor \#1) significantly stimulated SSA, in the same compound concentration range (∼5--30 µM) that was required to inhibit HR efficiency ([Figure 1](#gks353-F1){ref-type="fig"}B). Some inhibition of SSA could be generated with RI-1 concentrations above this range (\>30 µM), but this was likely related to compound-induced cytotoxicity. Figure 1.RI-1 specifically inhibits HR in cells. (**A**) Pathways involved in the repair of DNA breaks include non-homologous end joining (NHEJ), single strand annealing (SSA) and homologous recombination (HR). A simplified schematic of DNA repair reporters is represented in cartoons, with green portions representing repeats of a homologous DNA sequence. (**B**) RI-1 modulates the DNA repair efficiency in U2OS cells containing an HR reporter and HEK293 cells containing an SSA reporter. Cells were electroporated with an I-SceI endonuclease-expressing plasmid, incubated with RI-1, and subjected to FACS analysis. Relative repair efficiencies were measured as described in 'Materials and Methods' section.

The chemical structure of RI-1 (3-chloro-1-(3,4-dichlorophenyl)-4-(4-morpholinyl)-1*H*-pyrrole-2,5-dione) is shown in [Figure 2](#gks353-F2){ref-type="fig"}A. Physiochemical properties of RI-1 include a molecular weight of 362 g/mol and a CLogP of 4.25. It contains five H-bond acceptors and no H-bond donors. Therefore, RI-1 satisfies all four 'Lipinski rules' for predicting drug likeness ([@gks353-B29]). Figure 2.RI-1 inhibits human RAD51 in biochemical assays. (**A**) Chemical structure of RI-1 is displayed. (**B**) Human RAD51 protein was allowed to bind fluorescently-tagged ssDNA following a pre-incubation in various concentrations of RI-1. DNA binding is reported as a function of fluorescence polarization as described in the 'Materials and Methods' section. (**C**) HsRAD51 was allowed to generate joint molecules ('D-loops') in the presence of RI-1. A representative phosphorimage of an agarose gel is displayed, and the positions of free oligo and oligo associated with D-loops are indicated.

The inhibitory activity of RI-1 was quantified in the above described FP assay, which measures the binding of HsRAD51 to ssDNA. RI-1 generated a concentration-dependent inhibition of HsRAD51 ([Figure 2](#gks353-F2){ref-type="fig"}B). The IC~50~ of RI-1 was generally in the 5--30 µM range, though this depended on the concentration of protein included in the assay. RI-1 induced no measurable effect on FP signal in the absence of RAD51, suggesting that the compound interacts with RAD51 protein rather than the substrate DNA.

Strand assimilation assays were also performed to assess the effect of RI-1 on RAD51's recombination function *in vitro*. In this assay, HsRAD51 was first allowed to assemble into filaments on a 32P-labeled ssDNA oligonucleotide in the presence or absence of RI-1. A homology-containing super-coiled target plasmid was then added, and the two were allowed to generate a homology-dependent joint molecule referred to as a 'D-loop'. RI-1 was found to inhibit the formation of D-loops in a concentration-dependent manner ([Figure 2](#gks353-F2){ref-type="fig"}C).

RI-1 directly binds to human RAD51 at cysteine-319
--------------------------------------------------

RI-1 is chemically composed of three rings, one of which is a chloromaleimide group that is expected to act as a Michael acceptor and react with RAD51 according to a conjugate addition--elimination mechanism ([Figure 3](#gks353-F3){ref-type="fig"}A). Maleimides are frequently used to modify cysteine residues and halomaleimides have previously been shown to selectively react with the sulfhydryl side chain of cysteine residues present in intact proteins ([@gks353-B30]). Therefore, it is likely that RI-1 reacts with RAD51 in a similar fashion. To test this hypothesis, site-directed mutagenesis was performed to generate cysteine to serine alterations at each of the five cysteines that exist in HsRAD51. All five mutant proteins were purified and found to exhibit comparable binding activity to ssDNA relative to the wild-type (WT) protein, though the C312S was slightly less active. Four of these five C-to-S mutants could be significantly inhibited by RI-1, using compound concentrations in the 10--20 µM range. However, the C319S mutant was significantly less susceptible to inhibition by RI-1, suggesting that C319 is the binding target of RI-1 ([Figure 3](#gks353-F3){ref-type="fig"}B). Figure 3.RI-1 directly binds to human RAD51 at cysteine-319. (**A**) A chemical mechanism is proposed, by which RI-1 binds a cysteine residue on HsRAD51. (**B**) Purified HsRAD51 proteins (at 0.2 µM) containing cysteine to serine mutations were tested for ability to bind ssDNA, in the presence or absence of RI-1. Relative DNA binding is reported as a function of fluorescence polarization as described in the 'Materials and Methods' section, normalized to the 0 µM RI-1 condition of each protein. (**C**) The ability of RI-1 to inhibit the ssDNA binding activity of WT HsRAD51 protein (0.25 µM) was evaluated in the presence of different reducing agents, including dithiothreitol (DTT) and tris(2-carboxyethyl)phosphine (TCEP).

This proposed mechanism of direct covalent attachment between RI-1 and RAD51 was tested further using mass spectrometry. In this assay, purified HsRAD51 was incubated with RI-1 and then digested with trypsin. The resulting peptide fragments were analyzed via LC--MS/MS (tandem mass spectrometry). The inclusion of RI-1 at 10 µM in the reaction induced an increase in the mass of IYDSPCLPEAEAMFAINADGVGDAKD, the peptide that comprises residues 314--339 of HsRAD51. Subsequent MS/MS analysis of this peptide identified a C~8~H~6~Cl~2~NO adduct at residue C319 ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1)). It should be noted that the molecular weight (MW) of this observed adduct was smaller than the expected 324 Da, which is likely an artifact that occurred during trypsin digest or MS ionization/fragmentation. A proposed structure of this adduct is displayed in [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1), which is based on published work related to halomaleimide compounds ([@gks353-B31]).

This mode of RI-1 binding was tested further with additional experiments using different reducing agents. Since dithiothreitol (DTT) is a strong reducing agent with two thiol groups, DTT would be expected to compete with cysteine residues for the reaction with RI-1. As expected, experiments showed that 100 µM DTT increased the IC~50~ of RI-1 by ∼3-fold, relative to when no reducing agent was present ([Figure 3](#gks353-F3){ref-type="fig"}C). This antagonistic effect of DTT appears related to its nucleophilic potential rather than its reducing capability, given that no significant antagonism was observed with tris(2-carboxyethyl)phosphine (TCEP), which is a reducing agent that lacks these nucleophilic thiol groups.

RI-1 binds near a protein--protein interface formed between subunits of RAD51 filaments
---------------------------------------------------------------------------------------

The functional significance of the C319 residue of HsRAD51 was further investigated to better elucidate the mechanism of inhibition by RI-1. C319 lies within a portion of sequence that is highly conserved among different eukaryotic species, but far less so in the homologous recombinase proteins of archaeal and prokaryotic species ([Figure 4](#gks353-F4){ref-type="fig"}A). Consistent with this observation, RI-1 was capable of inhibiting *Saccharomyces cerevisiae* RAD51, using compound concentrations comparable with those needed to inhibit HsRAD51 ([Figure 4](#gks353-F4){ref-type="fig"}B). In contrast, the *E. coli* homolog RecA was insensitive to inhibition by RI-1 in the same range of RI-1 concentrations. Figure 4.The cysteine binding target of RI-1 is highly conserved among eukaryotic RAD51 proteins and is located in an interface used for protein--protein interactions. (**A**) A sequence alignment is shown for homologous recombinase proteins of various species. Amino acids with identity are displayed in red, and the cysteine corresponding to C319 in HsRAD51 is boxed. (**B**) The ability of RI-1 to inhibit the ssDNA binding activity of recombinase proteins from various species (0.35 µM HsRAD51, 0.42 µM ScRAD51, 0.30 µM EcRecA) was evaluated. Relative DNA binding is reported as a function of fluorescence polarization as described in the 'Materials and Methods' section. (**C**) The crystal structure (previously solved and described by Conway *et al*.) is shown for two adjacent monomers (one monomer displayed in green and one in yellow) of ScRAD51 as a surface rendering (left) and a magnified cartoon (right). The cysteine binding target of RI-1 is displayed in red (within the green monomer) and the α9 chain of the opposing monomer is displayed in blue (within the yellow monomer).

Recombinase protein filaments are known to utilize conserved structural motifs to govern interactions between adjacent protein protomers ([@gks353-B20],[@gks353-B32]). The functional relevance of C319 was examined by viewing its location within the yeast RAD51 filament crystal structure ([@gks353-B20]). Interestingly, the cysteine target of RI-1 binding (C319 of HsRAD51 corresponds to C377 in ScRAD51) contributes directly to a protomer interface. On closer inspection of this interface, the cysteine residue of one protomer lies in close proximity to the α9 chain of an adjacent protomer ([Figure 4](#gks353-F4){ref-type="fig"}C). Furthermore, this cysteine resides within a loop of protein that serves as an ATP cap, which overlays the inter-subunit ATP binding site ([@gks353-B33],[@gks353-B34]). Based on these observations, it is very likely that binding of RI-1 to RAD51 destabilizes a protein--protein interface that is required for filament formation and subsequent recombinase activity, possibly by modulating RAD51's interactions with ATP.

RI-1 inhibits the formation of RAD51 foci in human cells
--------------------------------------------------------

Since RAD51 filaments can be imaged as sub-nuclear foci ([@gks353-B35]), immunofluorescence microscopy was used to directly visualize the effect of RI-1 on HR in cells. These assays were performed using a previously described isogenic cell line pair that differs in RAD51C expression ([@gks353-B21]). These cells were selected because RAD51C is a component of RAD51 paralog complexes that are known to be required for coordinated assembly of RAD51 at sites of RPA-coated DNA ([@gks353-B36]). Microscopic images were quantified, and differences between conditions were tested via the Mann--Whitney rank sum test. As expected, the two cell lines exhibited comparable RPA focus formation (*P* = 0.46) following treatment with the inter-strand DNA cross-linking drug MMC, however the RAD51C mutant cells had significantly impaired RAD51 focus formation (*P* \< 0.001). When RI-1 was added to media containing MMC, the RAD51C-complemented cells exhibited staining that mimicked the RAD51C mutant phenotype ([Figure 5](#gks353-F5){ref-type="fig"}A and B). Specifically, incubation of RI-1 with RAD51C-complemented cells inhibited MMC-induced RAD51 focus formation (*P* \< 0.001), while not significantly affecting RPA focus formation (*P* = 0.53). The lack of RPA focus inhibition is important, because it supports the claim that RI-1 specifically inhibits RAD51 rather than upstream components of HR or more global cellular processes. Figure 5.RI-1 disrupts the formation of RAD51 foci after DNA damage. (**A**) Immortalized human fibroblasts (SH2038 ± RAD51C) were incubated for 8 h in media containing 150 nM mitomycin C (MMC) and/or 20 µM RI-1. Cells were subsequently harvested and indirectly immunostained. Representative images are displayed with HsRAD51 foci displayed in green and RPA foci displayed in red. (**B**) In total, 50 randomly selected nuclei per treatment group were examined and quantified. The size of each 'bubble' represents the number of cells having a given number of foci/nucleus. (**C**) The above described experiments were repeated using 4 Gy in place of MMC, and cells were similarly processed 8 h after irradiation.

Of note, these experiments were performed using the same compound concentration range that inhibited HsRAD51 in the aforementioned biochemical assays. The effect was not due to altered HsRAD51 protein levels, given that western blotting showed cellular HsRAD51 levels to be unaffected by RI-1 at these concentrations and incubation lengths ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1)). These results were replicated using ionizing radiation in place of MMC ([Figure 5](#gks353-F5){ref-type="fig"}C), which minimizes the possibility that RI-1 might have directly interacted with MMC and inactivated its cross-linking activity.

RAD51 foci are known to appear in S/G2 portions of the cell cycle. Therefore, additional experiments were performed to ensure that RI-1 inhibited the assembly of RAD51 foci, as opposed to simply preventing progression of cells into S/G2. The MMC-based cytology experiments were repeated, such that S-phase cells were allowed to incorporate the thymidine analog EdU for 3 h prior to harvest. Analysis of the resulting EdU-positive cells demonstrated that RI-1 inhibited the appearance of MMC-induced RAD51 foci (*P* = 0.007) in these S/G2-selected cells ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1)). Taken together, these results suggest that RI-1 can gain intracellular access to human cells and can specifically interfere with RAD51 functions in cells following genotoxic injury.

RI-1 sensitizes human cancer cells to cross-linking chemotherapy
----------------------------------------------------------------

As discussed earlier, cells that harbor defects in HR genes are hypersensitive to various chemotherapy drugs, especially to drugs that induce inter-strand DNA cross-links. Therefore, we hypothesized that RI-1 would sensitize human cancer cells to MMC-induced lethality. Three common cancer cell lines (HeLa, MCF-7 and U2OS) were selected for these experiments, because they represent a wide range of human cancer types. Incubation of cells in RI-1 alone for 24 h generated some degree of single-agent toxicity in all three cancer cell lines, with LD~50~ values in the 20--40 µM range ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks353/DC1)).

To test for sensitization, cells were treated sequentially for 24 h with MMC followed by 24 h of RI-1. This experimental design was selected to eliminate possible artifacts that could potentially occur if MMC and RI-1 were to interact directly with one another. In all three cell types, RI-1 significantly sensitized cells to MMC ([Figure 6](#gks353-F6){ref-type="fig"}A--C). The magnitude of sensitization was calculated as a function of the concentration of MMC required to kill 50% of cells. The magnitude of sensitization achieved with 25 µM RI-1 was 2.5--3 fold, depending on the cell type. These data suggest that RI-1 can specifically interfere with RAD51 functions in human cancer cells, thereby rendering them more susceptible to the lethal effects of oncologic treatment. Figure 6.RI-1 sensitizes human cell lines to DNA cross-linking chemotherapy. Five human cell lines were sequentially incubated for 24 h in media containing varying concentrations of mitomycin C (MMC), followed by 24 h in media containing RI-1. Cells were then allowed to grow in drug-free media for an additional 7--9 days. (**A--C**) Average survival for each condition is normalized to the MMC-free control of that condition. (**D**) For each cell line (RAD51C + or −), survival is normalized to cells receiving no treatment.

Additional survival assays were performed to confirm the specificity of RI-1 to RAD51 in a genetic model. Since mammalian cells require at least some RAD51 function for survival, it is difficult to evaluate RI-1 in human cells that have undergone complete RAD51 protein depletion or carry RAD51 null mutations. As an alternative, we tested the effects of RI-1 on an isogenic pair of immortalized human fibroblasts that differs in RAD51C ([@gks353-B21]). As discussed previously, the RAD51C mutant cells are known to exhibit reduced assembly of RAD51 at sites of DNA damage. As expected, the RAD51C mutant cells were relatively sensitive to MMC, relative to the RAD51C complemented cells. Interestingly, RI-1 plus MMC generated synergistic cell kill in RAD51C mutant cells that far exceeded the cell kill observed in RAD51 complemented cells, suggesting that cells with pre-existing defects in RAD51 assembly are specifically susceptible to RI-1 ([Figure 6](#gks353-F6){ref-type="fig"}D). Taken together with the cytology-based results, these data provide evidence that RI-1 acts specifically to reduce RAD51 assembly in cells.

DISCUSSION
==========

RI-1 sensitizes cells to DNA damage by directly and specifically disrupting HsRAD51. Our results demonstrate that this compound covalently attaches to HsRAD51 protein, thereby inhibiting the ability of RAD51 to form filaments on ssDNA. We also show that RI-1 can inhibit sub-nuclear accumulation of HsRAD51 protein at sites of DNA damage, and this inhibitory activity sensitizes various cancer cell types to cross-linking chemotherapy.

The covalent attachment that is formed has allowed us to map the RI-1 binding site on the surface of HsRAD51 protein. Analysis of ScRAD51 filament crystal structures suggests that RI-1 likely interferes with an interface used by protein subunits as they oligomerize into helical filaments around ssDNA ([@gks353-B20]). This surface of RAD51 has previously been implicated as an interaction interface based on studies of the Y315 residue ([@gks353-B37]), which is located only four residues away from C319 of HsRAD51. Furthermore, this cysteine resides within a loop of protein that serves as an ATP cap, which overlays the inter-subunit ATP binding site ([@gks353-B33],[@gks353-B34]). This observation raises the possibility that RI-1 may inhibit RAD51 oligomerization by modulating its interactions with ATP. In addition to the filament-promoting role of this RAD51 protein interface, this protein surface might also serve other roles in HR. Specifically, it might coordinate the exchange of other HR proteins, since a C377Y mutation in budding yeast RAD51 (i.e. a mutation in the residue orthologous to HsRAD51 C319) was previously shown to modulate interactions between ScRAD51 and other HR-related proteins (RAD54 and RAD52) in a two-hybrid system ([@gks353-B38]). Thus, RI-1 binding to RAD51 could possibly inhibit cellular HR via additional mechanisms independent of its effects on RAD51 oligomerization.

Several other agents and potential strategies have been previously proposed for inhibiting HR. For example, mirin is a chemical inhibitor of the MRN (Mre11-Rad50-Nbs1) complex, which is capable of inhibiting HR in cells ([@gks353-B39]). However, consistent with the upstream role of MRN in sensing and signaling DNA damage, mirin generates a far broader range of cellular effects than RI-1, including inhibition of Ataxia telangiectasia mutated (ATM) activation, loss of G2/M cell cycle checkpoint and down-regulation of NHEJ repair efficiency ([@gks353-B39],[@gks353-B40]). Additionally, the Kurumizaka and Mazin labs have identified several compounds that inhibit HsRAD51 in purified biochemical systems ([@gks353-B41; @gks353-B42; @gks353-B43; @gks353-B44]). Of these, B02 is the only compound shown to sensitize cells to DNA damage; it appears to do so by depleting RAD51 protein, which requires relatively long (10--12 h) incubations of cells with B02. Several groups have proposed utilizing peptide-based antagonists of either RAD51 or RAD51 paralog proteins to inhibit HR in cells ([@gks353-B45; @gks353-B46; @gks353-B47]). However, although these highly specific strategies are appealing in principle, their potential uses are limited by practical difficulties of transporting peptide-based agents across cell membranes and/or of administering them pharmacologically. Likewise, similar pharmacologic barriers will also probably limit the development of DNA aptamers as HR inhibitors in cells, even though these agents can specifically dissociate RAD51--DNA complexes *in vitro* ([@gks353-B48]).

As an alternative to directly inactivating RAD51 protein, some have proposed inhibiting cellular HR by down-regulating RAD51 at the transcriptional level. These strategies also have limitations that distinguish them from RI-1. For example, RAD51 protein levels have been successfully knocked down in cell culture experiments with ribozymes, siRNA and antisense oligonucleotides ([@gks353-B9],[@gks353-B18],[@gks353-B49],[@gks353-B50]), but extension of any of these techniques into a drug development setting would presumably be challenging. Several existing drugs (including inhibitors of tyrosine kinases, chk1 and Poly (ADP-ribose) polymerase (PARP)) have also been noted to generate unanticipated reductions in RAD51 expression ([@gks353-B17],[@gks353-B51; @gks353-B52; @gks353-B53; @gks353-B54]). Although it may be possible to exploit this RAD51 down-regulation clinically, these drug effects will be challenging to study because they occur in the background of other intended and unintended drug effects.

Our knowledge of the RI-1 binding site on RAD51 creates an important opportunity for chemical optimization of the compound. Preliminary structure--activity relationship experiments suggest that RI-1 has affinity for a pocket on the RAD51 protein surface, and that this reversible interaction becomes permanent when C319 reacts with the Michael acceptor of RI-1. If medicinal chemistry optimization of RI-1 can further exploit the reversible aspects of this affinity, then the covalent mode of attachment may prove to be dispensable in second generation chemical analogs. Alternatively, second generation analogs might continue to require covalent modification for activity, however this would not necessarily impede their development as drugs. Several commonly used drugs, including the anticancer agents MMC and sunitinib, contain Michael acceptors and still have tolerable toxicity profiles in patients.

RI-1 represents a powerful tool for future investigations on mechanisms of DNA repair. Presently, it is technically challenging to down-regulate RAD51 in living mammalian cells, since RAD51 is an essential gene. Although some methods have allowed for limited reductions of RAD51 activity in cells, including RNAi knockdown or expression of dominant negative proteins ([@gks353-B23],[@gks353-B27],[@gks353-B28]), these methods are slow and/or require new protein synthesis or protein turnover. RI-1 is expected to inhibit quickly, making novel analyses of RAD51 function possible. By disrupting filaments at intermediate stages, for example, it should be possible to test whether RAD51 filaments contribute to more than one step of DSB repair. Alternatively, it may help characterize the factors involved in disassembly of RAD51 filaments during repair. For example, RI-1 may be able to bypass the filament disassembly functions of the multi-functional recombination proteins RAD54 and RAD54B. These and related approaches may prove invaluable in future efforts to dissect the network of reaction pathways that contribute to DNA repair in cells.

Pharmacologic evaluation and testing in animal tumor models will be necessary to define the full potential of RI-1 and related second generation analogs as drug candidates. The ability of RI-1 to sensitize cells to DNA damage by directly and specifically disrupting HR repair provides considerable support for this therapeutic strategy. As such, this work represents an important advance in oncology drug development.
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